The production of the heavy stable proton-rich isotopes between 74 Se and 196 Hg-the p nuclides-is due to the contribution from different nucleosynthesis processes, activated in different types of stars. Whereas these processes have been subject to various studies, their relative contributions to Galactic chemical evolution (GCE) are still a matter of debate. Here we investigate for the first time the nucleosynthesis of p nuclides in GCE by including metallicity and progenitor mass-dependent yields of core-collapse supernovae (ccSNe) into a chemical evolution model. We used a grid of metallicities and progenitor masses from two different sets of stellar yields and followed the contribution of ccSNe to the Galactic abundances as a function of time. In combination with previous studies on p-nucleus production in thermonuclear supernovae (SNIa), and using the same GCE description, this allows us to compare the respective roles of SNeIa and ccSNe in the production of p-nuclei in the Galaxy. The γ process in ccSN is very efficient for a wide range of progenitor masses (13 M e -25 M e ) at solar metallicity. Since it is a secondary process with its efficiency depending on the initial abundance of heavy elements, its contribution is strongly reduced below solar metallicity. This makes it challenging to explain the inventory of the p nuclides in the solar system by the contribution from ccSNe alone. In particular, we find that ccSNe contribute less than 10% of the solar p nuclide abundances, with only a few exceptions. Due to the uncertain contribution from other nucleosynthesis sites in ccSNe, such as neutrino winds or α-rich freeze out, we conclude that the light p-nuclides 74 Se, 78 Kr, 84 Sr, and 92 Mo may either still be completely or only partially produced in ccSNe. The γ-process accounts for up to twice the relative solar abundances for 74 Se in one set of stellar models and 196 Hg in the other set. The solar abundance of the heaviest p nucleus 196 Hg is reproduced within uncertainties in one set of our models due to photodisintegration of the Pb isotopes 208,207,206 Pb. For all other p nuclides, abundances as low as 2% of the solar level were obtained.
Introduction
The pioneering works of Cameron (1957) and Burbidge et al. (1957) realized that the production of 35 stable nuclides between 74 Se and 196 Hg on the proton-rich side of the valley of stability, called p nuclides, cannot proceed via the s and r neutron-capture processes required for the synthesis of the bulk of the remaining nuclides beyond Fe (for this reason, they were also called excluded isotopes by Cameron 1957) . Their astrophysical origin is still under debate. Overviews of possible production sites, observations, and uncertainties, have been presented by various authors (e.g., Arnould & Goriely 2003; Rauscher et al. 2013; Pignatari et al. 2016a , and references therein).
Solar system p abundances have been derived from geological and meteoritic data. Understanding the origin of the p nuclides is challenging because they cannot be directly observed in stars and supernova remnants, as their contribution to elemental abundances is small and no element is dominated by a p isotope. The synthesis of p nuclei has to be studied in models without the possibility of direct verification, with the exception of presolar stellar dusts. Signatures of enrichments in proton-rich isotopes compared to the solar composition and/or with respect to more neutron-rich isotopes of the same element have been identified for Xe in bulk measurements from presolar nano-diamonds (Xe-HL component, e.g., Lewis et al. 1987) , and more recently for Mo and Ru possibly in single SiC-X grains (e.g., Pellin et al. 2006; Pignatari et al. 2016a and references therein) and SiC AB grains (Savina et al. 2003) . They all show, however, a non-solar pattern, likely carrying the signature of not well-mixed ejecta from single core-collapse supernovae (ccSNe). On the other hand, terrestrial and meteoritic p abundances have to be derived from galactic chemical evolution (GCE) models, integrating the production of different sites over the history of the Galaxy. The solar composition might also not be representative of the average galactic composition as calculated in GCE models.
It is the current paradigm that the largest fraction of p nuclides is synthesized by photodisintegrations of pre-existing seed nuclei and subsequent β decays, the so-called γ process (see, e.g., Woosley & Howard 1978; Rayet et al. 1990 ). This would occur during explosive O/Ne burning during ccSN explosions. Some authors (e.g., Woosley & Howard 1990; Rayet et al. 1995; Woosley & Weaver 1995; Rauscher et al. 2002) claimed that these sources could reproduce the solar abundances of the intermediate and heavy p nuclides within factors of 2-3. Rauscher et al. (2002) presented detailed nucleosynthesis calculations in massive stars from the onset of central H-burning through the supernova explosion for Population I stars with progenitor masses between 15M/M e 25. Serious deficiencies in the production of Mo and Ru isotopes were found in that work, consistent with earlier studies (e.g., Woosley & Howard 1978 Rayet et al. 1995; Woosley & Weaver 1995) . Neutrino-induced spallation reactions or weak interactions were found to be efficient only for a few isotopes (e.g., Heger et al. 2005; Austin et al. 2014) . Ritter et al. (2018) recently considered the impact of CO-shell mergers on the synthesis of p nuclei, including multi-dimensional hydrodynamics simulations for the onset and evolution of the merging shells, confirming enhancements of p nuclide yields up to about an order of magnitude. What still needs to be studied in detailed supernova simulations is what fraction of the p process is "relocated" or "reset" in the supernova explosion-much of the p process made in the presupernova stage is located in deep layers at low radii and is destroyed by the heat of the supernova shock and then "re-created" further out where temperature during the shock becomes adequate to make these p nuclei but not destroy them (Heger et al. 2005) , only portions of the p that is transported outward may survive from the pre-supernova stage. The occurrence of shell mergers and their relevance in terms of GCE need to be studied in more detail, also taking into account its strong impact on intermediate-mass elements like Cl, K, and Sc. Its relevance for GCE when integrating over the entire initial mass function (hereafter IMF) is uncertain. However, it is interesting that CO-shell mergers would increase the production of both p-nuclei and intermediate-mass elements like K and Sc, underproduced by previous GCE simulations compared to observations (Kobayashi et al. 2011) .
More recently, p nucleosynthesis calculations in ccSNe have been performed by Farouqi et al. (2009) . These authors recalculated p nucleosynthesis in the explosion of a 15 M e progenitor and compared with Rauscher et al. (2002) . Farouqi et al. (2009) claim that their yields of the p nuclei up to the Ru region reproduced quite well the solar system composition. They further claim that in their model no initial solar, s, or r process seed composition was introduced and that thus the obtained nucleosynthesis result is primary. Similar to the neutrino-wind model of Hoffman et al. (1996) and the more recent electron-capture SN model of Wanajo et al. (2009) , the α-component of their high-entropy wind model is a primary process. Their conclusion is that the classical light p nuclei production does not require any assumptions about the initial composition of the SN progenitor star. Hayakawa et al. (2006 Hayakawa et al. ( , 2008 analyzed the solar system distribution of the p nuclides, deriving phenomenological constraints without the use of GCE simulations.
Common to all previous work on GCE is that the contribution of different stellar generations to the solar system composition was not taken into account. It was also not pondered that the solar composition may not be representative of the average galactic composition, which is calculated in chemical evolution models. It has been shown that a large variation in ejected p nuclei is found even between ccSNe models from progenitors with the same initial metallicity but different initial mass (e.g., Pignatari et al. 2016a) . Therefore, GCE simulations are required in order to compare ccSNe yields with the solar system distribution.
So far, it has not been demonstrated that it is possible to reproduce the solar abundances of all p nuclides by a single stellar process. For instance, ccSN models suffer from a strong underproduction of the most abundant p nuclides, 92, 94 Mo and 96, 98 Ru. Alternative processes and sites for the production of these nuclei have been proposed by many authors, e.g., a νp-process in the deepest layers of ccSN ejecta and in neutrino driven winds of ccSN (Fröhlich et al. 2006; Pruet et al. 2006; Wanajo 2006; Farouqi et al. 2009; Roberts et al. 2010; Arcones & Janka 2011; Arcones & Montes 2011; Fischer et al. 2011; Wanajo et al. 2011a Wanajo et al. , 2011b or rapid proton-captures in hot, proton-rich matter accreted onto the surface of a neutron star (e.g., Schatz et al. 2001) . It has been known for a long time that the ν process in ccSN contributes to the abundances of 138 La and 180m Ta (Woosley & Howard 1990; Arnould & Goriely 2003; Heger et al. 2005; Rauscher et al. 2013) .
Production of p nuclides has also been suggested to occur in the outermost layers of thermonuclear supernovae (Type Ia supernovae, hereafter SNIa): in the Chandrasekhar-mass white dwarf delayed-detonation model (Howard & Meyer 1993 : Travaglio et al. 2011 , in the sub-Chandrasekhar-mass white dwarf He-detonation model (Goriely et al. 2005; Arnould & Goriely 2006) , and in the carbon-deflagration model (Kusakabe et al. 2011 ). The assumed s process seed distribution plays a fundamental role for the p production in these models and different assumptions are made by the various authors. Travaglio et al. (2015;  hereafter TRV15) explored singledegenerate SNIa in the framework of two-dimensional delayeddetonation models, with s process seeds at different metallicities in the WD as well as in the accreted material on the surface of the WD. Travaglio et al. (2014) performed a similar study for radiogenic p nuclides. Both investigations demonstrated that explosions of Chandrasekhar-mass single-degenerate systems can provide a considerable contribution to the solar system composition, contributing to a large amount (more than 50%) of p nuclei in our Galaxy, both in the range of light (A120) and heavy p nuclides, at almost flat average production factors (within a factor of about three). Exceptions are the lightest p nuclides, 74 Se and 78 Kr, for which a low production efficiency was obtained.
A major challenge for the single-degenerate SNIa scenario comes from the difficulty to reach the Chandrasekhar mass by accretion from a typical 0.6 M e WD. At present, there are no one-dimensional stellar models that were successfully reaching that critical mass limit, once He-fusion runaway and the consequent mass loss was considered (e.g., Cassisi et al. 1998; Denissenkov et al. 2017) . At least one Chandrasekhar-mass SNIa object has been identified observationally, based on the element ratios observed in the ejecta and the required extreme conditions to produce those same ratios (Yamaguchi et al. 2015) .
Coupling p nucleosynthesis to chemical evolution models, several questions have to be dealt with: the occurrence frequency of the astrophysical sources, their spatial distribution and yields, dependence of the yields on metallicity, and mixing of the nucleosynthesis products with the interstellar medium. There are insufficient observables for p nuclides to constrain GCE models or even determine single production sites, as the isotopic abundances of p nuclides cannot be separately determined in stellar spectra. This underlines the importance of analyzing meteoritic material. Combining the isotopic information, e.g., of extinct radioactives, with GCE predictions allows us to put severe constraints on the possible astrophysical sources and nucleosynthetic processes (see, e.g., Travaglio et al. 2014; Lugaro et al. 2016 In this work, we investigate the production of p nuclides in ccSNe on a grid of masses and metallicities, using two different sets of stellar data, one set of calculations obtained with a recent version of the KEPLER code (Weaver et al. 1978; Rauscher et al. 2002; Heger & Woosley 2010; ) and the NuGrid data set (Pignatari et al. 2016a ).
The paper is organized as follows. In Section 2, we present the set of KEPLER models and discuss the role of different masses and metallicities for the production of p nuclei. A similar discussion for the NuGrid models is presented in Section 3. Section 4 introduces the GCE model and discusses the results obtained with the nucleosynthesis sets of the previous sections and their implications for the role of ccSN contributions to the solar system p abundances. Section 5 briefly considers possible uncertainties in the GCE model as well as in the nuclear input to the stellar models, which could affect our conclusions. Finally, conclusions and an outlook on work in progress are presented in Section 6.
Production of p Nuclides in the KEPLER Models
In this work, we use non-rotating stellar models of C. West & A. Heger (2018, in preparation) computed with the KEPLER stellar evolution, nucleosynthesis, and SN code (Weaver et al. 1978; Rauscher et al. 2002) . The progenitor models were calculated using the physics setup, opacities, and nuclear reaction rates as described in Woosley & Heger (2007) and in . The nucleosynthetic yields for seven different initial masses, from 13 M e to 30 M e , and 14 different metallicities, from Z=1.5×10 −6 up to Z=0.3 were calculated (see also Table 1 for Model xi45, i.e., one of the models considered in this work). The initial composition of the models used the Galactic Chemical History model of , which is based on Lodders et al. (2009) solar abundances. Details of KEPLER models will be published in a forthcoming paper (C. West & A. Heger 2018, in preparation) , including the impact of choosing proper metallicity-dependent initial compositions. We exploded all KEPLER models using a piston model such that a final kinetic energy of the ejecta of 1.2 B (1 B=10 51 erg) was achieved (see, e.g., Rauscher et al. 2002; Heger & Woosley 2010) , and we computed fallback based on the 1D hydrodynamics in KEPLER. This also included mixing prior to fallback using our "standard" mixing width of 0.1 helium core masses as outlined in the references before. The explosion energy and mixing used are a good match for typical supernovae such as SN1087A (though some light-curve fitting may suggest larger mixing for SN 1987A, see, e.g., Utrobin et al. 2015) . In nature, we would anticipate a significant variation of explosion energies for the different models (e.g., Müller et al. 2016 ) rather than a fixed value; however, for the models in the mass range studied here, determination of reliable explosion energies from the simulation or first principle for a given progenitor model is not possible at the present.
Different criteria to determine whether a successful explosion would actually occur have been employed, based on different criteria in the literature for the explodability given the pre-SN structure of the star at the onset of core collapse. The first simple case was to assume that all stars explode (no-cutoff model). In this case, the entire non-fallback mass of all stars including winds contributes to the yields. Next, we explored different prescriptions for explodability based on formulae from the literature. As one choice, we used the compactness parameter ξ of 0.25 ( Table 1 and for the figures in this paper), as possible cutoffs for black hole formation, as well as the prescription by Ertl et al. (2016, model ertl) . The description by Ertl et al. gives cutoffs for black hole formation not too dissimilar to the more refined semi-analytic model by Müller et al. (2016) , as shown by Sukhbold et al. (2017) , hence we do not need to explore it here separately. When the criteria for black hole formation were fulfilled, we assumed that the entire star would collapse to a black hole without providing further nucleosynthesis. We neglect the possibility that some of the outer layers of the star may still escape due to neutrino losses prior to black hole formation (e.g., Lovegrove & Woosley 2013) . Only the contribution from mass loss due to winds prior to collapse would be present in this case. In the cases for which no black hole is formed, the full yields are used. See also discussions in and in Côté et al. (2016) . In Table 3 , we provide the results from the chemical evolution calculations for all the models mentioned above.
A large, adaptive nuclear reaction network allowed us to follow nucleosynthesis self-consistently throughout the hydrostatic burning phases and the explosion. The network size adapted itself to the requirements and thus also allowed us to include the weak s process and the γ process with all participating nuclides. For details of the network and the reaction rate data used, see Rauscher et al. (2002) . Hg (in solar masses) for our grid of metallicities and masses (14 metallicities, 7 masses). Solar values used are from Lodders et al. (2009) and Z e =0.015 is assumed.
For our GCE studies described in Section 4, we chose yields from the xi45 series and therefore discuss those yields in more detail below. In Figure 1 , we show the overproduction normalized to 16 O for the 15 M e xi45 model and three different metallicities (Z=0.019, 0.006, 0.0015), starting from nuclear mass-number A70. The p nuclides are shown as filled triangles and the different isotopes of an element are connected with a solid line. In the upper panel (Z=0.019), we show that the solar composition is reproduced within a factor of three for almost all the p nuclides. Ru. Various authors have discussed the Figure 2 for the 15 M e model with Z=0.019 (see also Section 4). In the models presented in this section, Mo and Ru isotopes are mostly due to photodisintegration reactions (see also Rauscher et al. 2016 for a detailed investigation of production paths) and therefore are strongly sensitive to the initial metallicity. According to these two maps, the Pb isotopes are converted to 196 Hg during explosive nucleosynthesis. As pointed out by, e.g., Arnould & Goriely (2003) , Dillmann et al. (2008) , TRV11, and Rauscher et al. (2013) , if a significant fraction of the seed abundances is present in the form of Pb and Bi isotopes, they are converted to lighter nuclei through photodisintegration processes. TRV11 specified that Ta is partly synthesized by the ν process (Woosley & Howard 1990 ) but also receives considerable contributions from the photodisintegration of Reducing the metallicity in the models, the p yields are drastically reduced as soon as half of the solar metallicity is reached (Figure 1, middle panel) . For this and lower metallicities, almost none of the p nuclides is any longer within the factor of three from solar. The exception is 196 Hg, as mentioned above. This will be further discussed in more detail below. With a metallicity almost a factor of 10 below solar (Figure 1, lower  panel) we can see that all isotopes are at least 10 −2 below the solar abundances (still with the exception of 196 Hg). The relevance of these yields in a GCE study will be discussed in Section 4. Similar to Figure 1 , Figures 5 and 6 show results for the 20 M e and the 25 M e star, respectively. For the 25 M e progenitor, one can see a slightly different behavior for the light p nuclides: they have a higher abundance with respect to the 15 M e and the 20 M e models at solar metallicity but still exhibit a drastic drop in the abundances from 84 Sr up.
Production of p Nuclides in the NuGrid Models
The second set of p-nuclide yields used in this work are taken from Pignatari et al. (2016a) . The one-dimensional stellar progenitors were calculated using the stellar evolution code GENEC (Eggenberger et al. 2008 ) for massive stars.
CCSN explosive conditions are obtained from a semianalytic treatment of shock heating, based on the hydrodynamics simulations by Fryer et al. (2012) . The shock velocity beyond fallback is initially 2×10 9 cm s −1 . The obtained average ccSN explosion energy is 4-5×10 51 ergs. The nucleosynthesis in the preSN and ccSN stages was followed consistently with the same post-processing parallel code, MPPNP (see Pignatari et al. 2016a for details). The NuGrid results were included in our GCE study, using a grid of three progenitor masses (15 M e , 20 M e , and 25 M e ) and two metallicities (Z=0.02, 0.01). In particular, we considered two models for the 15 M e progenitor (15d, 15r2), one model for the 20 M e progenitor (20d), and one for the 25 M e progenitor (25d). The only difference between models 15d and 15r2 is that the ccSN shock velocity was reduced by a factor of two in the second case, resulting in a reduction of the total explosion energy.
In Table 2 As in Figures 1, 5 , and 6, in Figures 7-9 , we show the overproduction factors normalized to 16 O for the 15 M e , 20 M e , and 25 M e models, respectively, for two different metallicities (Z=0.02, 0.001). The p nuclides are shown as filled triangles and the isotopes of the same element are connected with a solid line.
Contrary to the KEPLER models discussed in the previous section, the middle and lower panels (model series d, with fast shock velocities and metallicities of Z=0.02, 0.01, respectively) of Figure 7 show for the 15 M e model that the lightest p nuclides 74 Se, 78 Kr, 84 Sr, and 92 Mo are largely overproduced. This is due to a strong α-process (Woosley & Hoffman 1992) in these models, which appears because of α-rich freeze-out conditions in the 15 M e models of Pignatari et al. (2016a) with fast shocks and slightly neutron-rich progenitor composition. This freeze out from nuclear statistical equilibrium is a primary process and therefore the resulting yields of light p nuclei do not show strong sensitivity to metallicity. The impact of this component in producing radioactive species, including the unstable nuclide 92 Nb, has been discussed by Lugaro et al. (2016) . This component has also important consequences for GCE (see Section 4).
For comparison, the upper panel of Figure 7 shows the same results for model 15r2, in which more 56 Ni is synthesized but no α-rich freeze out occurs. In this model, the p abundances are products of the γ process, which is a secondary process, i.e., depending on initial metallicity. Figures 8 and 9 show the results for the 20 M e and 25 M e models, respectively. These more massive progenitors have larger fallback, preventing the α-process to contribute to the ejected light p nuclei. This leads to the obvious secondarylike behavior of the p abundances, also for the light species, and a pronounced variation in the amount of ejected p nuclei with varying metallicity. The contribution from neutrino spallation of matter during the ccSN explosion, producing 138 La and 180m Ta, among other species, is not considered in the nucleosynthesis calculations by Pignatari et al. (2016a) . The high production of 196 Hg seen in KEPLER models and discussed in the previous section is much lower in the NuGrid models, and may be due to the seed composition in the progenitor.
GCE: the Role of ccSN in p-nucleus Enrichment
Since no p isotope dominates an elemental abundance, terrestrial and meteoritic p-abundances have to be explained purely through GCE models, integrating the production of different sites over the history of the Galaxy. The main goal of this work is to clarify the contribution of ccSN to the measured solar system abundances of p nuclides and to discuss the interplay between different stellar sources (ccSNe from this work and SNIa predictions from TRV15).
For this purpose, we implement metallicity-dependent ccSN yields of p nuclei in a GCE code (Travaglio et al. 1999 (Travaglio et al. , 2004 for the first time. The same GCE code has been used by TRV15 to study the role of thermonuclear supernovae in p nucleus production and their contribution to the solar system abundance. The model follows the evolution of the Galaxy in three interconnected zones: halo, thick disk, and thin disk. The original set of nuclides within the GCE code was chosen to cover all the light nuclei up to the Fe group and all the heavy nuclei along the s-process path up to 209 Bi. In TRV15 and for the present work, the nuclide set was extended to include p nuclides and allowed to follow their evolution over time and metallicity until solar metallicity is reached. Here, we implemented the p yields presented in Sections 2 and 3 and interpolated between masses and metallicities where necessary.
The GCE results for p-nucleus yields using the KEPLER models (xi45, xi25, nocutoff, ertl) as well as the NUGRID model are presented in Table 3 at the epoch of the solar system formation and compared to the solar composition by Lodders et al. (2009) in the first column.
In Figures 10 and 11 , we show the resulting p nuclei production factors taken at the epoch of solar system formation for nuclei in the nuclear mass-number range 70A210 for the two sets of models described in Sections 2 and 3, respectively. We note that for the results presented here, we only included ccSN in the mass range 13 M e -30 M e .
Using the yields of the KEPLER models, Figure 10 shows that the solar system composition is reproduced within a factor of about three for the light p nuclides 74 Se and 84 Sr. Due to the ν process contribution, ccSNe produce 138 La and 180m Ta a factor of about three below solar. As mentioned in Section 2, the abundance of 180m Ta in this figure should be reduced by one-third. A small production of 184 Os is also found. The nuclide 196 Hg is obtained at a level of 10% of the solar abundance. The contribution from ccSNe to all the other p nuclides is very similar when using yields from KEPLER models. Figure 11 shows GCE results obtained with the postprocessed NuGrid yields presented in Section 3. The appearance of material ejected from a strong α process occurring in the 15 M e model has important consequences for the light p nuclides 74 Se, 78 Kr, and 84 Sr, reproducing their solar abundances within a factor of about two. This only occurs in the 15 M e model, however. The only other significant contribution to the solar system abundance (within a factor of about three) coming from these models is to 184 Os. Finally, Figures 12 and 13 compare GCE results using the xi45 KEPLER model (shown in Figure 10 ) and the NUGRID model, respectively, to TRV15 results where only SNIa were considered as p-nuclei sources. It can be clearly seen that, starting from 92 Mo, SNIa play the dominant role in explaining the solar system abundances of p nuclides, provided the existence of single-degenerate thermonuclear supernovae and the validity of TRV15ʼs hypothesis regarding the enrichment in s-seeds during mass accretion.
Model Uncertainties
Concerning the impact of uncertainties in numerical predictions within our GCE model, we refer to the discussion from Côté et al. (2016) . These authors identified the following basic parameters as main sources of uncertainties in GCE calculations: the lower and upper mass limits of the stellar IMF, the slope of the high-mass end of the stellar IMF, the slope of the delay-time distribution function of SNIa, the number of SNIa per M e formed, the total stellar mass formed, and the final mass of gas. They conclude that the slope of the IMF and the number of SNIa are the two main sources of uncertainty. These uncertainties are not relevant for the results presented in this work for the following reasons. First, changing the slope of the IMF only impacts progenitor masses lower than ∼10 M e , which are not important for the p nuclei production. Second, the fact that the production of p nuclei in Type II supernovae is secondary is dependent on the rate of Type II supernovae through galactic history.
A crucial source of uncertainty for the relevance of SNIa in the production of p-nuclei in GCE is the fraction of SNIa made via the single-degenerate scenario, compared to the doubledegenerate scenario, where only the first type are most likely source of p nuclei. TRV15, following Li et al. (2011) , found that if about 50%-70% of all SNIa are made via the single-degenerate scenario, they can be responsible for at least 50% of the p nuclei abundances in the solar system. By looking at the chemical evolution of Mn with respect to Fe, Seitenzahl et al. (2013) obtained that 50% of SNIa are from These authors conclude that both single-degenerate as well as doubledegenerate progenitors must contribute to the Galactic population of SNeIa. For a better understanding of the role of the single-degenerate scenario in chemical enrichment of the Galaxy, we urgently need a detailed investigation of the dependence of the yields to metallicity (dependency on metallicity of the Mn yields invoked by Cescutti et al. 2008) . A large analysis of single-degenerate yields as a function of metallicity will be published in a forthcoming paper (C. Travaglio et al. 2018, in preparation) . On the other hand, consistent with previous theoretical predictions by Woods & Gilfanov (2013) , Johansson et al. (2016) found that the single-degenerate SNIa should be less than 3%-6% of the total SNIa population, based on observations on Sloan Digital Sky Survey spectra from a large sample of early-type galaxies. In conclusion, the total contribution to the SNIa population of the single-degenerate channel is still an open puzzle, with contradicting indications from observational constraints, stellar population constraints as GCE. In particular, by using the upper limits provided by Johansson et al. (2016) , the contribution to the inventory of the p-process nuclei from the singledegenerate SNIa channel would be marginal, while the production of Fe-group elements like Fe and Mn should also be revised. There are no investigations in the literature concerning the contribution to p nuclei from the WD-merger SNIa channel; therefore, it is urgent for this open problem to be addressed.
The yields of the stellar models bear uncertainties due to the details in numerical treatment and the implementations of explosion mechanism and fallback. We used yields from two Figure 10 . GCE calculation using the yields from KEPLER xi45 for the range of masses and metallicities discussed in the text. The filled triangles are p-only isotopes. Figure 11 . GCE calculation using the yields from post-processed NUGRID models for the range of masses and metallicities discussed in the text. The filled triangles are p-only isotopes.
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The Astrophysical Journal, 854:18 (17pp), 2018 February 10 Travaglio et al. Figure 12 . Comparison of the GCE results when using the KEPLER xi45 ccSN models presented in this paper (triangles) with the TRV15 results for SNIa (circles).
The filled symbols are p-only isotopes. Figure 13 . Comparison of the GCE results when using the NUGRID ccSN models presented in this paper (triangles) with the TRV15 results for GCE taking into account SNIa contribution (circles). The filled symbols are p-only isotopes.
different stellar evolution codes, and implementing different explosions and fallback in each code, to obtain an estimate of the differences to expect between results obtained with different codes. We also have only a limited set of models (see, e.g., Müller et al. 2016; Sukhbold et al. 2017 ) and do not cover the lowest mass or very high masses. The low masses may not contribute much material, though they my have their own peculiar nucleosynthesis. These higher masses are disfavored by the IMF but may contribute more intermediatemass elements. A further source of uncertainty is the astrophysical reaction rates used in the stellar evolution codes. The γ process proceeds by sequences of initial (γ, n) reactions photodisintegrating the previously existing seed nuclei at temperatures between 2 GK and 4 GK, thereby producing proton-richer isotopes. Toward the proton-rich side of the nuclear chart, the (γ, n) reactions are competing with (γ, α) reactions (above the N=50 neutron shell) or (γ, p) reactions (for N50), deflecting the reaction path to lower charge numbers Z. Reactions occur at stability and a few mass-number units off stability toward the protonrich side and thus the majority of nuclei involved are unstable. Furthermore, at γ-process temperatures, contributions of thermally excited states in the target nuclei are dominating the stellar reaction rate. This implies that none of the rates are constrained experimentally, not even those on stable nuclides.
Several studies have been performed in the past to explore the effect of rate variations on the production of p nuclei (e.g., Arnould & Goriely 2003; Rapp et al. 2006; Rauscher 2006) and neutrino cross sections (e.g., Heger et al. 2005) . These were restricted to testing the isolated impact of particular rate variations. Very recently, Rauscher et al. (2016) and Nishimura et al. (2018) have quantified the combined uncertainties in the final yields of stable and radiogenic p nuclei stemming from the uncertainties of all rates. This was achieved by performing a Monte Carlo approach on an unprecedented scale, varying all rates in a network within their bespoke, temperature-dependent nuclear physics uncertainties. These temperature-dependent nuclear physics uncertainties were constructed from a combination of theoretical and experimental errors, individually for each rate in the network. Relevant to this work, Rauscher et al. (2016) explored these uncertainties for 15 M e and 25 M e KEPLER models with initial solar metallicity. Similar main uncertainties can be expected also for the relative γ process yields at lower metallicity. Nuclear uncertainties in the γ process at lower metallicity, however, have a smaller relevance because of the secondary-like nature of the process. Despite larger uncertainties in predicted astrophysical reaction rates, the final uncertainties in the p yields found by Rauscher et al. (2016) were lower than a factor of two, with a few exceptions: 113 In, 115 Sn, 168 Yb, and 174 Hf. The asymmetric uncertainty distributions derived favor increased yields. Even for the exceptions with particularly large uncertainties, the upper limit remains below a factor of about 3.5. On the other hand, particularly small uncertainties were found for 184 Os. Also the uncertainties for 190 Pt and 196 Hg are below 20% in the 15 M e as well as the 25 M e model. We consider the uncertainties in the γ process yields calculated by Rauscher et al. (2016) as realistic estimates that, to first approximation, can also be applied to the other set of p process yields dominated by the γ process, i.e., for the NuGrid yields of the models 15r2, 20d, and 25d. Nishimura et al. (2018) applied the Monte Carlo procedure of Rauscher et al. (2016) to p production in the SNIa model also used by TRV11. The final uncertainties found for the production of p nuclei in this SNIa model were even lower than the ones for the ccSN cases, below 30%-40%. The only exceptions were 162 Er with a factor of two uncertainty and 180m
Ta with a factor of 1.8 as an upper limit. As mentioned above, however, different production mechanisms are contributing to 180m Ta, including the ν process, which does not appear in SNIa.
Given the comparatively small nuclear uncertainties, we conclude that they do not affect our conclusions regarding the relevance (or irrelevance) of ccSN for the solar system pnuclide abundances, even though we did not perform a GCE calculation including the propagation of the yield uncertainties.
Discussion and Conclusions
We have presented results of detailed nucleosynthesis calculations for the production of p nuclides in two sets of ccSN models (four sets of models using the KEPLER code and two sets of models using the NUGRID code), on a fine grid of masses and metallicities (seven initial masses from 13 M e up to 30 M e , and 14 metallicities for the KEPLER sets; three masses at 15 M e , 20 M e , and 25 M e , and two metallicities for the NUGRID sets). They are all non-rotating, one-dimensional models. Nucleosynthesis in the KEPLER models has been followed coupled to the stellar evolution and explosion, whereas nucleosynthesis has been calculated in a postprocessing approach for the NUGRID models.
Between KEPLER and NUGRID models, we find few significant differences, with the exception of the considerable production of light p nuclei using the 15 M e NUGRID progenitor and the production level of 196 Hg in the KEPLER models. The change in initial abundance distribution with metallicity is not the same in the two models discussed in the paper. In the KEPLER models, the abundances are redistributed according to the GCE considerations as explained in . In the Nugrid models, the initial abundances are scaled to Z=0.01 and Z=0.02 from the solar values from Grevesse & Noels (1993) , with the solar isotopic percentage for each element given by Lodders (2003) . Therefore, the abundances are solar abundances scaled with metallicity in the Nugrid models whereas in the KEPLER the initial abundances are not only scaled but also redistributed, leading to higher relative abundances in the seed region relevant to the production of 196 Hg. This explains the difference in the resulting 196 Hg. We also note that there is a small difference in neutron-capture and photodisintegration rates between Bao et al. (2000; used in the KEPLER models) and KADONIS v0.2 (used in the Nugrid models). This leads to a slightly lower production of heavy p-nuclei because of lower (n, γ) and (γ, n) rates on the heavy seed nuclei. This effect was explored in Dillmann et al. (2008) , where only a tiny difference in the production of 196Hg was found when comparing calculations with the two rate sets. Therefore, the change in reaction rates cannot account for the large difference between the two models discussed in this work. Only the difference in the treatment of abundances at different metallicities remains as the cause for the production difference in 196 Hg. Making use of the p yields from the KEPLER and NUGRID models, a detailed GCE study was performed to investigate the production of p nuclei over the course of Galactic history until
